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Abstract (200 words) 22
The present research investigates the uptake of phosphate ions from aqueous solutions using 23 Acidified Laterite, a by-product from the production of Ferric Aluminium Sulphate using 24
Laterite. Phosphate adsorption experiments were performed in batch systems to determine the 25 amount of phosphate adsorbed as a function of solution pH, adsorbent dosage and 26 thermodynamic parameters per fixed P concentration. Kinetic studies were also carried out to 27 study the effect of adsorbent particle sizes. The maximum removal capacity of ALS observed 28 at pH 5 was 3.68 mg P.g -1
. It was found that as the adsorbent dosage increases, the 29 equilibrium pH decreases, so an adsorbent dosage of 1.0 g.L -1 of ALS was selected. 30
Adsorption capacity (q m ) calculated from the Langmuir isotherm was found to be 2.73 mg.g -31 1 . Kinetic experimental data were mathematically well described using the pseudo first order 32 model over the full range of the adsorbent particle size. The adsorption reactions were 33 endothermic and the process of adsorption was favoured at high temperature, the ∆G and ∆H 34 values implied that the main adsorption mechanism of P onto ALS is physisorption. The 35 desorption studies indicated the need to consider a NaOH 0.1 M solution as an optimal 36 solution for practical regeneration applications. 37 larger than 100000 Population Equivalent or 2 mg.L -1 for installation between 10000 and 54 100000 PE, moreover the treatment efficiency has to be equal to or higher than 80 % removal 55 [3] . 56
The difficulty in implementing the EUWWTD on a small scale waste water treatment plant 57 and the input of phosphorus from diffuse sources requires the development of low cost and 58 simple phosphorus adsorption techniques to enhance the control of P levels in rivers and 59 water bodies. 60
The use of cheap ore and natural materials for the adsorption of P from water has been 61 regarded as a good strategy in decreasing the phosphorus level below 0.035 mg.L . Industrial by-products have also been successfully 65 utilized as P adsorbents, such as; red mud generated during the production of aluminium, 66 blast furnace generated during the production of steel or residual iron and aluminium oxides 67 from WWTPs [5] [6] [7] [8] . 68
The review by Vohla et al. on the use of adsorbents for P removal in wetland type systems 69 differentiated three types of materials: natural material, industrial by-product and manmade 70 sorbents, [9] . According to the report, industrial by-products can have a very high removal 71 capacity, up to 420 mg.g -1 , natural materials showed a maximum P adsorption capacity of 40 72 mg.g -1 and finally man-made materials displayed a maximum removal of 12 mg.g -1 [9] . The 73 
Adsorbent characterization 108

XRD X-Ray Diffraction analysis 109
An XRD analysis was carried out to determine the crystalline nature of the main oxides 110 present in the two lateritic samples. The XRD equipment used to carry out the crystal 111 identification in the samples is a PANalytical X'pert model from Philips. Radiation was 112 carried out by a Cu K-alpha 1 lamp at wavelength 0.154056 nm. Fully quantitative analysis 113 was carried out using the X'pert analytical tool and database. 114 XRD results were coupled with XFR results in order to tune the quantification of the main 115 oxides present in the samples. XRF analysis was carried out using an Axios Advanced 116
analyser from PANalytical and results were discussed previously [10] . 117
FTIR Fourier Transformation Infra-Red spectrophotometry 118
Untreated ALS and ALS after saturation with phosphate solution were analysed by FTIR. 119
Samples in equilibrium for 48 h with P solutions of 1, 10 and 100 mg.L -1 of phosphorus at 120 pH 7 were studied. The KBr tableting method was used and samples were analysed using a 121
PerkinElmer Spectrum One FT-IR spectrometer instrument. 122
Characterisation of P adsorption in batch and column experiments 123
Chemicals and water solutions 124
Chemicals of at least reagent grade were used as received from Sigma Aldrich. Deionised 125 water was used in all experiments and provided by an ELGA Maxima ultrapure water system; 126 resistivity of 18.2 MΩ.cm 100 mg.L -1 phosphorus stock solutions were produced by 127 dissolving corresponding amounts of sodium di-hydrogen phosphate salts and were diluted 128 for subsequent experiments. All solutions were buffered with 100 mg.L -1 of NaHCO 3 and 129 pHs were adjusted by adding dilute solutions of HCl or NaOH. pHs were recorded by the 130 means of a pH Thermo Scientific Orion 3 Star pH meter equipped with a Camlab pH probe 131 calibrated with 3 standard solutions at pH 4.01; 7.00 and 10.00. 132
Dose study 133
Initial concentration of phosphorus in the adsorbent dosage study was set at 25 mg.L -1 and 134 the pH was maintained around 7. Adsorbent dosages ranging from 1 to 10 g. L  -1 were tested  135 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   6 in removing phosphorus. Experiments were carried out in 50 mL glass jars and allowed to 136 reach equilibrium during 72 h onto a horizontal shaker at 100 rpm. 137
pH study 138
pH studies were performed in the same way as dosage studies excepted that the dosage was 139 set at 1 g.L -1 and initial pHs were adjusted from 3 to 10. pH values at equilibrium were 140 recorded and used to study the effect of pH on the P adsorption capacity of ALS. Equilibrium 141 time was 72 h. 142
Isotherm analysis 143
The isotherm of P adsorption onto ALS was studied using phosphate solutions ranging from 5 144 to 50 mg.L -1
. Dosage of material was set at 1 g.L -1 and pH maintained around 7. Equilibrium 145 time was 72 h. 146
Kinetics of adsorption and effect of particle size 147
Kinetic removal of P by ALS and raw Laterite was carried out in 1 L beakers using 1L 148 solution at 25 mg.L -1 P and pH 7. Adsorbent dosage was 1 g.L -1 and different particle sizes 149 of adsorbent were tested: diameter of 1000 -1180 µm; 500 -600 µm and < 75 µm. Solutions 150 were completely mixed using magnetic stirrers set at 300 rpm. Stainless steel 100 mesh 151 buckets were used in order to prevent any size variation during the experiments aided by the 152 crushing down of the materials with magnets. When a stainless steel bucket was used alone 153 no P adsorption onto the bucket was observed. 154
Thermodynamic investigation 155
The effect of temperature on the adsorption of phosphorus by ALS was studied. P adsorption 156 isotherm experiments were carried out at 4 different temperatures: 298, 303, 313 and 323 K. 157
The experimental procedure followed was the same as the one used for the isotherm room 158 temperature of 298 K. For isotherms studied at higher temperatures, glass jars were shaken at 159 100 rpm in a thermo-regulated shaken bath Clifton NE5-28D for 72 h. 160
Concentration Analysis 161
A colorimetric method was used to measure the phosphorus concentration. All samples from 162 the present batch experiments were analysed by the colorimetric molybdenum blue method. 163
The method presented by Tsang et al. was followed for phosphorus measurement only, with 164 the addition of minor changes [12] . The calibration curve was set to phosphorus instead of 165 phosphate using a certified 1000 mg. . 171
After adsorption experiments and prior to any analysis, samples were filtered using 13 µm cut 172 off cellulose acetate filters and acidified at 2 % HNO 3 , only in the case of ICP analysis. When 173 powder adsorbents were used, i.e. materials having a particle size lower than 75 µm, samples 174 were centrifuged at 5300 rpm before analysis. 175
Mathematical modelling 176
Mathematical modelling was used to interpret data obtained in the experiments. The 177 isotherm, kinetic and column model constants were determined using Sigma Plot and the 178 non-linear models are presented in the following sections. 179
Isotherms modelling 180
Batch studies results were modelled using Langmuir and Freundlich adsorption models 181 presented by equations (1) and (2) 
Where q s is the theoretical isotherm saturation capacity in mg. 
Kinetics modelling 213
The pseudo first and pseudo second order models were applied to kinetics experiments using 214 equations (7) and (8) Langmuir or Temkin equilibrium constant [14, 24, 25] . Entropy and enthalpy of adsorption 232 can be obtained using the following Gibbs free energy definition presented in equation (13). 233
These parameters can also be obtained by the rearranged equation (14), [23] . Where r is the particle radius of the adsorbent. If the plot of B×t versus t is a straight line 255 passing through the origin then the main resistance is due to intraparticle diffusion and D eff = 256 D intra [27] . 257
Based on unit integrity, the Boyd coefficient can also be approximated using equation (20). 
Effect of material dosage onto P adsorption 288
Different material ratios were used to study the effect of adsorbent dosage and results are 289 presented in Figure 2 . It can be noticed that a dosage of 8 g.L -1 is necessary to completely 290 remove the initial 25 mg.L -1 of phosphorus and that only 10 % of P removal is reached when 291 1 g.L -1 of adsorbent is used. It is interesting to note that the P removal percentage increases 292 nearly constantly from 10 % at 1 g.L -1 of adsorbent to almost 100 % at 8 g.L -1
. 293
The other noticeable result is the effect of adsorbent dosage on the equilibrium solution pH. 294
The pH decreases when the adsorbent dosage is increased; this is linked to the residual acidic 295 groups present in the material. As more ALS is used in the adsorption study the pH is 296 decreased and can in return affect the P adsorption performance of the material. In the present 297 study P is removed more favourably at low pH. Indeed as the dosage increases, the pH 298 decreases and the average P adsorption capacity increases from 2.6 to 3.2 mg.g -1 before 299 dropping down when the total P removal percentage reaches 100 %, as seen in Figure 2 . The 300 effect of the pH explains the pattern noticed in the dose study as it is very rare to obtain a 301 constant increase in the adsorption capacity of a material in the function of a dosage increase. 302
In order to minimize the pH change due to ALS addition, a dosage of 1 g.L -1 of ALS was 303 selected for subsequent experiments. 304 305 
pH effect onto P removal by ALS 308
The effect of pH on phosphorus adsorption was studied using a solution of 25 mg.L -1 of 309 phosphorus to prevent total removal of P from the solution. Results are displayed in Figure 3 . 310
It can be seen that pH 5 is the optimal pH for phosphorus removal using ALS. The maximum 311 removal capacity of ALS observed at pH 5 is 3.68 mg P.g -1 which corresponds to more than a 312 50 % increase in P removal compared to results obtained at pH 7. explaining the good removal of phosphorus. At pH higher than the PZC the maximum P 321 removal capacity of ALS decreases as the phosphorus specie are becoming more negative. 322
On the other hand, for a pH lower than the PZC, the ALS phosphorous adsorption capacity 323 slowly decreased as the phosphorous species present in the solution are neutrally charged. 324
The strong effect of pH on the adsorption of phosphorus onto ALS suggests an adsorption 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Additionally the q e value of ALS at 10 mg.L -1 reaches 2.5 mg P.g -1 which can be considered 354 a high removal capacity for a by-product when compared to data from literature as presented 355 in Table 3 . 356 357 
Thermodynamic investigation of P adsorption onto ALS 363
The impact of temperature on the P adsorption capacity helps to describe the reaction 364 occurring during the P accumulation onto ALS. Figure 6 shows that the adsorption of 365 phosphorous onto ALS increases as the temperature increases. This is characteristic of 366 endothermic reactions as the heat provided shifts the reaction equilibrium. The q max for 367 phosphorus adsorption onto ALS increased from 2.74 to 3.24 mg.g -1 with the increase in 368 temperature from 298 to 323 K. This is attributed to both the enlargement of the pore size and 369 the formation of new adsorption sites [33] . Isotherms at different temperatures were fitted to 370 the Temkin model as presented in Figure 6 . 371 Table 4 and the 386 linear dependency of the free energy of Gibbs to temperature is shown in Figure 7 . 387 388 Table 4 Free energy of Gibbs, enthalpy and entropy of P adsorption onto ALS
390
The negative ∆G value indicates a spontaneous reaction of P adsorption onto ALS. The 391 positive enthalpy ∆H proves that the reaction is endothermic as suggested by the isotherm 392 plot. The positive value of ∆S shows that the entropy, often attributed to the randomness of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 shows the favourable nature of the reaction, even if the low value limits the interpretation 395 [14] . ∆G value of around -10 kJ.mol -1 and a low enthalpy of around 5.5 kJ.mol -1 suggest that 396 physisorption is the main mechanism involved in the adsorption of P onto ALS. 397
Chemisorption usually displays a high bonding strength with the ∆H value higher than 84 398 kJ.mol -1 and the ∆G lower than -80 kJ.mol -1 [35] . The thermodynamic study was carried out 399 at pH 7 and revealed an adsorption mechanism governed by physisorption. The same 400 experiment carried out at pH lower than PZC would give interesting information about the 401 prevalence of chemisorption rather than physisorption at low pH in the process studied. 402
Physisorption is often noticed in the adsorption of P, As, and 
Kinetic removal of phosphorus 408
The kinetic study of phosphorous adsorption onto Laterite and ALS were conducted to 409 determine the time required for the adsorption process to reach equilibrium, the effect of the 410 particle size and the corresponding results are presented in conditions is influenced by the particle size of the material used. There is no significant 423 difference in the surface area of the ALS material over the particle size range studied, which 424 could explain the difference in q e . The slow diffusion of phosphorous and the incomplete 425 equilibrium reached in the experiments might be responsible for the difference in q e noticed. This effect is further characterized by the determination of diffusion coefficients. 435
Diffusion of phosphorous onto Laterite and ALS 436
In fact several regions can usually be noticed in the diffusion of pollutants in porous materials 437 In Figure 9 , the plateau observed corresponds to a very slow diffusion step that can be 456 identified as the surface diffusion step. The two other steps identified are characteristic of two 457 The coefficients of the different steps identified were calculated using equation (15) 22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Figure 11 shows the desorption of phosphate from ALS using either NaOH or Na 2 SO 4 500 solutions. When Na 2 SO 4 solutions were used the equilibrium pHs recorded were around pH 501 8. The results show a maximum desorption of P from ALS at 0.1 M NaOH (pH 13), when 502 using NaOH solutions. A slight decrease in the desorption is noticed as the NaOH 503 concentration increases. The dissolution of SiO compounds at high pH and the possible 504 formation of P complexes under high pH environments can explain the decrease in desorption 505 performances. 506 It is interesting to note that the desorption at pH 8 using Na 2 SO 4 is quite stable as the Na 2 SO 4 510 concentration is increasing and reaches more than 33 % desorption at 0.1 M Na 2 SO 4 . While 511 the NaOH desorption mechanism can rely on physical, chemical and ion-exchange 512 desorption mechanisms, Na 2 SO 4 uses only ion-exchange mechanisms to desorb P from ALS. 513
The data presented in Figure 11 then suggests that nearly 30 % of P adsorption onto ALS can 514 be attributed to the ion-exchange mechanism. 515 516 Table 8 . The adsorption of phosphate onto ALS is then governed 523 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Conclusion 529
The present study revealed the good phosphorus adsorption properties of the ALS material; a 530 by-product generated during the manufacture of Ferric Aluminium Sulphate. The dosage 531 study revealed the effect of the material and principally the remaining surface sulphate 532 groups on the equilibrium pH and the impact on the adsorption capacity of the material. It 533 was noticed that there is a maximum adsorption capacity at pH 5 evaluated at 3.68 mg P.g -1
534
while high pHs showed a detrimental effect of OH -groups onto phosphorus adsorption by 535
ALS. 536
Moreover at an adsorbent dosage of 1 g.L -1 the P adsorption onto the ALS material followed 537 a Freundlich type isotherm, displaying very good removal performances at low P 538 concentration. At 0.035 mg.L -1 , the ALS material was able to remove 1.65 mg P.g -1
. 539
In terms of kinetic removal, initial P adsorption onto ALS was very quick and pseudo 540 equilibrium was reached in nearly 24 h following preferably a pseudo first order kinetic 541 model. Nevertheless the effect of particle size on adsorption capacity kinetics revealed that 542 equilibrium was not completely reached for bigger particles in 48 h. 543
Diffusion of P onto ALS was limited due to surface diffusion resistance as indicated by the 544 mathematical modelling of the kinetic experiments. Pore and surface diffusion coefficients 545 were determined for each particle size studied using the Boyd diffusion model. Very similar 546 surface diffusion coefficients were obtained using the kinetic parameters, which represent a 547 simple estimation method for modelling calibration purposes. 548
The desorption experiment showed a possibility of regeneration of the material for 549 continuous applications. The capacity of this material to be used in a packed bed system or 550 wetland type applications will be investigated under dynamic conditions. 551 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Table 10 Isotherm models parameters and correlation coefficient of P adsorpiton onto ALS
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Langmuir isotherm Freundlich isotherm
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